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INTRO  DUCTIOil 

A  resurgence  of  Intense  interest,  research  and  applications  activity  marie  the 
beginning  of  vrhat  may  be  considered  the  second  generation  of  filamentary  composite 
materials.  Such  interest  and  activity  are  as  well-founded  now  as  they  were  at  the 
outset  of  the  compocites  era  more  than  twenty  years  ago.  The  possibility  of 
relatively  britUe  materi^Os  with  high  module  strength,  but 

composites  with  good  durability  and  high  tolerance  to  damage  and  which,  when  Ihey 
do  fail,  do  so  in  a  non -catastrophic  manner,  has  been  shown  feasible,  and  the  full 
potential  is  only  just  begiiining  to  be  realized.  The  promise  of  cubstantialiy 
improved  performance  and  potentially  lower  costs  provides  the  driving  force  behind 
centimed  rc^arch  into  fiber  reinforced  composite  materieOs  for  application  in 
aerospace  heurdware  •  Much  progress  has  been  achieved  since  the  initial  developments 
in  the  mid  1960*8.  AppUcatiems  to  primary  structure  have  been  rather  limited  on 
operatior^al  vehicles,  mainly  being  utilized  in  a  material -substitution  mode  on  military 
aircraft.  More  extensive  experiments,  as  a  paurt  of  NASA's  influential  ACE£ 
program,  are  currently  underway  on  large  airplanes  in  commercial  passenger 
^deration  and  in  a  few  lailllary  developments,  such  as  the  AV-8B  wSich  has  stren  only 
limited  service  use  and  the  X-29  which  is  undergoing  flight  tests. 

A  stremg  techjriology  base  is  required  to  xoily  exploit  composites  in  sophisticated 
Mtospace  structures.  NASA  and  AFOSR  have  supported  expanding  and  strengthening 
the  technology  base  through  programs  which  aulvance  fiinderaental  knowledge  and  tlje 
means  by  which  it  can  be  successfully  applied  in  design  and  manufacture. 

As  the  tcK^nology  of  composite  materials  and  structures  moves  toward  fuller 
adaptation  to  aerospace  structures,  some  of  the  problems  of  an  earlier  era  are  being 
solved,  others  which  seemed  important  are  being  put  into  perspective  as  relatively 
minor,  and  still  others  unanticipated  or  put  aside  are  emerging  ais  of  high  priority. 
The  purpose  of  the  RPI  program  as  funded  by  NASA  and  AFOSR  has  been  to  develop 
critical  advanced  teclw>logy  in  the  areas  of  frfiysical  properties,  structural  concepts 
and  analysis,  mamrfactxiriiig ,  reliability  and  lift?  prediction. 

Our  approach  to  accomplishing  these  goals  is  through  an  interdisciplinary 
program,  unusual  In  at  leeuat  two  important  aspects  for  a  university.  First,  U*e 
nature  of  the  research  is  comprehensive.  Specific  projects  deal  with  fiber  and 
matrix  constituent  properties,  the  integration  of  constituents  into  composite  materials 
and  their  characterization,  tix#  behavior  of  comp^DSites  as  they  are  used  in  generic 
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structural  components,  their  non -destructive  and  proof  testing  and,  where  the  state  of 
the  will  be  advanced  by  doing  so,  extending  the  research  effort  into  simulated 
service  use  so  that  the  composite  struct'^re’s  long-terxri  integrity  under  conditions 
pertinent  to  such  use  can  be  assessed* 

Inherent  in  the  RPI  program  is  the  motivation  which  basic  research  into  the 
structural  aspects  provides  for  research  at  the  materials  level,  and  vice  versa. 

Second,  interactions  among  faculty  contributing  to  program  objectives  is  on  a  day 
to  day  basis  without  reg€Lrd  to  organizational  lines.  These  contributors  are  a  group 
wider  than  that  supported  under  the  project.  Program  management  is  largely  at  the 
%#orking  level,  and  administiative,  scientific  and  technical  decisions  are  made,  for 
the  most  part,  independent  of  considerations  normally  associated  with  academic 
dep2urtments«  This  kind  of  involvement  includes  faculty,  staff  and  students  from 
chemistry,  civil  engineering,  materials  engineering,  aeronautical  engineering, 
mechanical  engiiieering ,  and  mechanics  depending  cm  the  flow  of  the  research. 

Both  a£  Uiese  characteristics  of  the  NASA/AFOSR  program  of  reseeurcdi  in 
composite  materials  and  structures  foster  the  kinds  of  fundamental  advances  which  are 
triggered  by  insights  into  aspects  beyond  the  narrow  cxjnfines  of  an  individucil 
discipline.  This  is  often  sought  in  many  fields  at  a  university,  but 
seldom  achieved . 

A  third  aspect  is  a  developing  program  of  increased  involvement  between  NASA’s 
Research  Center  scientists  and  engineers  in  the  program  at  RPI  and  vice  versa. 

This  has  required,  first,  identificration  of  individual  researchers  within  NASA  centers 
%dio8e  etreas  of  interest,  specialization  and  active  investigation  are  in  some  way 
related  to  those  of  RPI  faculty  supported  under  the  subjeert  grant.  Second,  a 
program  of  active  interchange  has  been  encouraged  emd  the  means  by  which  such 
interaction  can  be  fostered  is  being  sought.  Important  benefits  envisioned  from  this 
increased  communication  include  a  clearer  window  to  directions  in  academia  for  NASA 
re%archers;  opportunities  to  profit  from  NASA  experience,  expertise  and  facilities 
for  the  faculty  so  involved;  and  an  additional  channel  for  cross -fertilization  across 
NASA  Research  Center  missions  through  the  campus  program. 

Overall  program  emphasis  is  on  basic,  long-term  research  in  the  following 
categories t  (a)  constituent  materials,  (b)  composite  materials,  (c)  generic 
8tructur2d  elements,  (d)  processing  science  technology  and  (e)  maintaining  long-term 
structural  integrity.  Depending  on  the  status  of  composite  materials  and  structures 
research  objectives,  emphasis  can  be  expected  to  shift,  from  one  time  period  to 
another,  among  these  areas.  Progress  in  the  program  will  be  reported  in  the 
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following  pages  under  these  headings.  Those  computer  methodology  developments  are 
also  undertaken  which  both  suj^port  Rensselaer  projects  in  composite  materials  and 
structures  research  in  the  aureas  listed  above  and  which  also  represent  rersearch  with 


the  potential  of  widely  usefiil  results  in  their  own  right. 

In  ^rt,  the  NASA/AFOSR  Composites  Aircraft  Program  is  a  multi-faceted 
program  planned  and  managed  so  that  scientists  and  engineers  in  a  number  of 
pertinent  disciplines  at  RPI  will  interact,  both  among  themselves  and  with  counterpart 
NASA  Center  researchers,  to  achieve  its  goals.  Research  in  basic  composition, 
characteristics  and  processing  science  of  composite  materials  and  their  constituents  is 
balanced  against  the  mechanics,  conceptual  design,  fabrication  and  testing  of  generic 
structural  elements  typical  of  aerospace  vehicles  so  as  to  encourage  the  discovery  of 
unusual  solutions  to  present  and  future  problems.  In  the  following  sections,  more 


detailed  descriptions  of  the  progress  acheived  in  the  veuaous  component  parts  of  this 
comprehensive  program  cure  presented . 
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PART  n 

CONSTITOECrr  MATERIALS 


IZ-A  MECHAHICAL  PROPERTIES  OP  HIGH  PERFORMANCE  CARBON  FIBERS 

H-A-l  ORDERED  POLYMERS  AS  COMPOSITE  MATRICES 
n-A-2  CARBON  FIBER-EPOXY  INTERFACE  BOND  RELATED  TO 
COMPOSITE  PRACTtraE 

II-A'3  RESIDUAL  STRESS  IN  HIGH  MODULUS  AND  HIGH  STRENGTH 
CARBON  FIBERS 
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Il«A-l  Ordered  Polymerg  as  Compogite  Matrices 

Senior  Investigator:  R,  J.  Dieferdorf 

X*  introduction 

TWs  project  is  concerned  v#ith  the  study  of  polymer  liquid  crystals  and  oriented 
semicrystalline  high -temperature  thermoplastics  in  high  modulus  carbon  fiber 
reinforced  compocrites.  It  is  essentially  a  new  activity  with  the  first  real  effort 
eicpended  during  the  current  reporting  period.  Emphasis  is  being  placed  on  the 
detersdnation  of  effects  of  polymer  orientation  at  the  fiber  surfaces  on  composite 
fracture  and  mechanical  properties. 


Escamination  in  transmitted  poUurlzed  light  of  polymer  mesophase  and  melts  in  the 
presence  of  carbon  fibers  was  conducted  using  a  microscope  and  hot  stage.  The 
polsrmer  mesophase  did  not  ^low  optical  evidence  of  orientation  at  the  fiber 
aiirfaces.  Fiber  surfaces  acted  as  nucleating  sites  for  spberulites  in  semicrysUOline 
thermoplastics. 


If  lien  an  elec^c  current  was  passed  through  carbcn  fibers  in  a  cooling 
Bemicrystalline  polymer  melt,  nucleation  of  crystallites  took  place  first  at  fiber 
oirfaces.  Leurge  transcrystalline  regions  formed  along  the  fibers.  The 
crystallization  temperature  was  reduced  ais  the  voltage  drop  across  the  fibers  was 
increased . 


Plans  for  Uc 


Period 


Plans  for  the  upcoming  period  include  rnaldng  composites  using  a  polymer  liquid 
crystal  matrix,  with  polymer  molecules  perpendicular  to  direction  of  fiber 
orientation.  These  composites  will  be  examined  to  determine  the  effects  of  tensile 
loads  on  mechanical  prc^ifies  and  on  fracture  behavior  using  a  microscope  tensile 
tester*  An  attempt  will  be  made  to  look  at  the  same  properties  in  cemicrystalline 
thermoplastics,  with  electro -crystallized  regions  at  the  fiber  surfaces. 


S'RECEMNG  PAGE  BLANK  NOT  ElEMED 
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g:-A-2  carbon  Piher-Epoxv  Interface  Bond  Ppiated  to  Composite  Fracture 

senior  Investigator:  R.  J.  Diefendorf 


Introdiiction 

The  purpose  of  this  study  is  to  investigate  whether  the  performance  of  carbon 
fiber-epoxy  composites  can  be  improved  by  modifying  the  surfaces  of  high  modulus 

graphite  fibers. 

2.  status 

Studies  of  the  nature  of  the  carbon  fiber  surface  and  of  resin-wetting  of  these 
surfaces  were  completed  during  earUer  periods  and  reported  in  previous  progress 

reports* 

3.  Progress  During  the  Reporting  Period 

A  sfaidy  was  made  of  fracture  surfaces  of  composites  made  from  Aradite(B>  509  epoxy 
(Cita-Geigy)  with  three  kinds  of  fiber  reinforcement;  sUicon  carbide,  boron  and 
graphite.  A  progressive  loading/examinaUve  techni<pie  allowed  step  by  step 
examinatton  of  failure  progression.  Composites  made  with  silicon  carbide  fibers  and 
tested  to  failure  showed  little  fiber -natrix  debond,  and  the  fibers  broke  into  short 
lengths.  Fiber  breakage  appears  to  be  the  energy  absorbing  mechanism,  in  boron 
flber/509  epoxy  composiles,  extensive  fracture  of  the  matrix  occurred  adjacent  to 
fibers.  Debonding  was  seen  as  the  mode  of  composite  fracture  in  this  case. 

composites  made  using  high  modulus  graphite  fibers  had  a  fracture  mechanism  that 
combiited  fiber  breakage  and  matrix  debonding.  The  fiber  pullout  length  was  greater 
at  the  crack  entrance  than  at  the  crack  exit,  regardless  of  the  speed  of  crack 
propagaUon.  It  was  concluded  that  a  2-t-butylaminoet»anol  (BAE)  sizing  did  not 
significantly  improve  interfacial  adhesion.  Treatment  of  the  fibers  with  hydrogen 
peroxide  prior  to  applying  BAE  improved  composite  strength,  and  in  addiUon  imparted 
good  lubricity  to  fiber  surfaces. 

4.  Plans  for  Dpcoming  Period 

Plans  for  the  upcoming  period  include  examining  fracture  surfaces  of  composites  made 
from  high-temperature  epoxy  resins,  using  a  BAE  sizing  of  the  carbon  fibers.  Also, 
an  investigation  of  other  aminoethanol -based  sizing  compounds  will  be  conducted. 


rt-A-3  atreaa  in  High  Modulus  ^  - - - - 

senior  InvepUgateri  R.  J.  Die£e*>docf 

i .  Introduction 

Tltt  «uay  conc.n»  Ih.  to«esU.aU«  of  to  carbon  fibers,  and  M 

retotton  to  fiber  -obanloal  properfiee.  caloolaltoto,  of  residual  siress  from  toe<», 

oarrled  oto  ooatoartooos  toto  e«»rbtontola»atore,tonto  were  .tode.  Tbe 

qwesurm  of  totorest  was  wbeiber  residual  stress  results  fron  prooesstos  oonditione 

a-  »  thdb  fiber?  An  attempt  was  made  to  explain  why 

(e*.  drawing),  or  from  cool-down  of  the  sxoer^  w 

fiber  strength  decreases  as  fiber  modulus  increases. 

2.  status 

m  previously  reported  studies,  modulus  distribution  and  residual  stress  meaairemerts 
«ere  studied  for  several  tj^ea  of  PAN-based  carbon  fibers.  Residual  stress  was 
aeasured  by  electrochemically  etching  off  successive  fiber  layers,  and  meaainng 
fiber  contraction  as  a  function  of  diameter.  It  was  concluded  that  residual  stress 
results  from  the  skin-core  morphology  of  high  moAdus  PAN -based  carbon  fiber  and 
results  primarily  from  cool-down.  That  is.  the  difference  in  the  coefficisrA  of 
thermal  expansion  (CTE)  between  skin  and  core  creates  residual  stress  on  cooling 

down  from  processing  temperatures,  other  factors  were  negUgible.  Residual  stress 

appears  to  occur  only  in  high  modulus  fibers,  where  the  fiber  core  is  in  tension  and 
the  core  tension  and  larger  Interior  flaws  of  the  high  modulus  fibers  arc  seen  as 
probably  responsible  for  the  lower  fiber  strength. 

a.  Progress  During  the  Reporting  Period 

m  this  reporting  period,  theoretical  calculations  of  residual  stress  were  made  by 
assuming  that  aU  stress  resulted  from  differences  in  thermal  contraction.  The  results 
of  theoreUcal  calculations  of  stress  agreed  very  well  with  the  results  of  earlier 
iBeaaureBient  * 


4.  Plans  for  Opcondne  Period 

This  project  is  now  considered  complete. 
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Current  Publicationg  or  Preaentationa 


Profeeoor  Diefendorf  on  thia  Sub.1 


•Tlie  Physical  Chemistry  of  the  Carbon  Fiber/Epoxy  Resin  Brterface**,  with  C.  E.  Dsoh 

•Trtue  Chemical  V^>or  Deposition  in  Open-Ended  C^Jillary  Tubes**,  with  Y.  ScbOa, 

**A  Theoretical  CaloilatioR  of  Resi^jal  Stresses  in  Cprbon  Wbers**,  %rtth  JC.  J.  Chen 

•rrbe  Effect  of  Heat  Treatment  on  the  structure  and  Properties  of  Mesophase 
Precursor  Carbon  Fibers**,  %fith  G*  D.  D'Abare 

••The  Strength  Distribution  of  Etched  carbon  Fibers**,  with  K.  J,  Chen 

To  be  presented  at  the  17th  Carbon  Conference  axxi  published  in  the 
Proceedings  of  the  17th  Carbon  Confer^ice,  Lexington,  KY, 

June  1985. 
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COMPOSITE  MATERIALS  i 


HI  •A  FATIGUE  IH  COMPOSITE  MATERIAXiS 

m-B  MECHANICAL  PROPERTIES  OF  HIGH  PERFORMANCE  POLYMERIC 
MATRIX  COMPOSITE  LAMINATES 

m-C  HUMESICAI,  INVESTIGATION  OP  THE  MICROMECHANICS  OP  COMPOSITE 
FRACTURE 

m-D  DELAMINATIOM  IN  GRAPHITE/EPOXy  MM^ATES 
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ttt-a  ratieue  in  compoeite  Materiala 

senior  Ihvesligator:  E.  Krempl 

1.  Introdi-Krtioo 

^  deformation  and  failure  behavior  of  graphite/ep«ty  tubes  under  biaxial  (axial 
tension  and  torsion)  loading  is  being  invealigated.  The  aim  of  this  research  is  to 
increase  basic  undcvsta-Kiing  of  and  provide  dtsign  information  for  the  biaxial 
response  of  graphite/ epoxy  C«BpoBiteB. 

2,  Status 

In  Reference  til*  various  phenomenological  damage  accumulation  laws  were 
introduced.  Residual  strength  measurements  after  prior  cycling  at  R=0  were  made  in 
tension  and  in  combined  loading.  Decreases  in  the  residual  tensile  and  combined 
strength  were  reported  as  a  function  of  prior  ivjmber  of  cycles.  In  this  report 
period  the  dependence  of  damage  evolution  on  the  degree  of  prior  combined  loadings 

UQS  iilvestisft  t3d « 

a.  ProRtess  During  Report  Period 

Comblr^d  experimental  and  analj^cal  activities  aimed  at  further  development  of  the 
damage  accuaxOation  law  were  carried  out.  The  tmltiaxial  aspects  and  the 

incorporaUon  of  a  faUgue  limit  hfa  the  equations  were  of  special  interest. 

■  ’! 

The  damage  evolution  law  previously  considered  is  of  the  form 

=  g(D)  f<«*)  <^> 

where  D  and  H  denote  damage  and  cycles,  respectively,  and  ♦*  is  an  effective 
stress  ampUtude  which  is  based  on  the  anisotropy  of  the  material. 


The  static  strength  in  the  first  quadrant  is  weU  represented  by 


where  s  and  t  are  the  axial  and  rt»ear  stress,  respectively.  Axordingly,  the 


»  References  in  this  section  are  given  on  page  17 
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effective  stress  amplitude  <t>*  is  prc^)oeed  as 


<>) 


where  e,  and  t,  are  the  axial  and  shear  stress  aB«>Utudes,  respectively.  The 
eubscript  a  indicates  values  applied  in  a  fatigue  test.  Fatigue  tests  with  R=0  and  a 
frequency  cf  5  H*  were  then  tun  *iith  =  0.32  and  various  ratios  of  a^/Tg^.  The 
remits  are  listed  in  Table  m-A-l. 


Table  III-A-I 


♦* 

ffa/Ta 

(degrees)* 

- - - - 1 

Fatigue  Life  * 

(n:>.  of  cycles) 

0*322 

0 

llgOOO 

0*322 

30 

12,000 

0.322 

60 

12,410 

0*322 

75 

101,410,  14,000,  39,910,  63,910 

0.322 

90 

>  10® 

*  3?olatr  fixitlo  on  the  graj^  of  Ta  vs .  aa  • 

Contrary  to  the  prediction  of  Equation  (i)  the  fatigue  life  is  not  constant}  thus,  the 
anisotropy  of  fatigue  strength  is  not  derivable  from  that  of  the  static  strength. 


Based  on  these  results,  Equation  <x)  is  tentatively  BOdified  to 

»  g(D)  f(«»,o) 

%tfher6  a  is  a  sUf&i^ -dependent  parameter,  given  by 


%tfheret 


'll 


'll 


^11  ®  J  ^  U3  CCS  40)  dr 

and 

**  ^Qxx  •  Qyy) 


(O 


(5) 


f 
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Wie  U*nn  is  used  here  as  a  reference  stiffness^  and  0  is  the  angle  between 
l^indpal  fiber  direction  and  principal  stress  direction  (firing  fatigue  testing.  The 
step  function 


H(x)  = 


X  X  \  X 
O  X  ^  X 


(a> 


(7) 


represents  the  fatigue  limit  in  Equation  (5)t  wheret 

-  «) 

“  f(8*.  a) 

and  8*  is  the  value  of  0*  at  the  fatigue  limit*  With  this  definition,  Equation  (4) 
beccmtess 


dP 

dN 


=  H{x)  g(D)  f(0*,a)  . 


(•) 


In  principle.  Equation  (e)  incorporates  anisotropic  damage  accumulation  properly  and 
the  fatigue  limit.  Specific  functions  valid  for  the  C±45isGr/E  tubes  are  being 
evaluated. 


4.  PUms  for  the  gpcoralng  Period 

Experiments  exploring  the  relations  bet%feen  residual  strength  and  fatigue  limit  are 
contemplated.  A  critique  of  the  specimen  design  rukle  by  Dr.  W.  Elber  (NASA 
Langley)  noted  a  possibly  deleterious  influence  of  interlaminar  normal  stresses  on  the 
strength  values  determined  with  a  tubular  specimen.  Experiments  are  being  planned 
to  investigate  the  influence  of  these  stresses. 

5.  References 

Cxi  46  Semi-Annu2d  Composite  Materiads  and  Structures  Report;  R.P.I.,  August 
1984 

Cal  47  Semi* Annual  Composite  Materials  and  Structures  Report;  R.P.X.,  December 

1984 
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PubUeattong  or  PresOTteticna  by  ProfOTSor  Kr^pl  on  this  Su^ 


«Ti«9-Dependent  Deforsation  and  Fatigue  Behavior  of  C*55J  Graiihite/Epoxy 
Tubes  under  Ooobined  l/>ading" 


Presented  at  the  SyE^siua  on  CCBpositesj  Fatigue  and 
Fracture,  Dallas/Ft.  Worth,  TX,  oct  24-25,  1984. 
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Iir-B  Mechatfdcal  Propertiftg  cf  High  Terformance  Polymeric  Matrix  Composite 
Laminates 


Introduction 


Senior  Inveetlgaiors  S.  S.  Stemstein 


This  project  focuses  on  the  mechanical  properties  of  high  performance  pol/meric 
matrix  compoeite  laminates^  Of  specific  concern  are  those  properties  of  the  laminate 
vMch  are  strongly  dep^vient  csv  the  polymeric  matrix.  Previous  studies  in  this 
(MTogram  .  dealt  with  the  viscoelastic  characterization  of  botli  neat  cesins  and 
composites,  using  dynamic  mechanical  spectroscopy  techniques.  Included  in  these 
studies  were  the  reversible  and  irreversible  effects  of  prolonged  moisture  interactions 
%dth  epoxy  based  systems. 

current  project  goals  relate  to  the  damage  tolerance  of  composite  laminates  and 
related  phenomena,  such  as  delaminaticn  crack  propageUion.  Understanding  is  sought 
regarding  the  bemtic  mechanisms  by  which  laminates  dissipate  energy ,  especially  when 
subjected  to  plarar  Impact.  Currently,  ncHilinear  dissipative  phenomeia  are  being 
Investigated  in  thermoplastic  matrix  composites.  A  closely  related  study  involves  the 
microsc^^c  observation  of  failure  processes  in  composites  subjected  to  four  point 
bending . 


2.  Status 

In  the  previous  report,  cyclic  hysteresis  data  were  presented  in  the  form  of  energy 
dissipation  versus  peak  load  or  deformation  for  *45  laminates  subjected  to  uiiiaxial 
tension.  In  view  of  the  highly  nonlinear  dependence  of  energy  dissipation  on  loaid 
level,  it  was  deemed  necessary  to  corroborate  the  data  by  additional  studies.  For 
example,  if  the  cyclic  hysteresis  energy  (area  inside  tiie  load -deformation  loop)  is 
tnily  representative  of  the  energy  loss  due  to  multiple  loading  and  unloading  of  the 
sample,  then  tests  on  different  size  samples  (e.g.,  width  and  length)  should  give  the 
same  energy  dissipation  unit  volume  of  the  sample.  This  has  proved  not  to  be 
the  case,  and  therefore  end  effects,  jaw  slippage,  etc  2u:e  suspected. 

3,  Progress  During  Report  Period 

A  variety  of  sample  mounting  techniques  (for  example,  end  tabs)  and  sample 
geometries  have  been  investigated.  In  the  course  of  these  tests,  mounting  of  the 
exten^naeter  (used  to  measure  sample  strain  independently  of  croschead  motion)  vras 
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found  to  be  a  critical  factor.  It  appeeurs  that  the  rotation  of  the  outer  plies  (at 
45*  to  the  tensile  axis)  produces  a  scissor  effect  which  can  strcmgly  alter  the 
measured  strain.  This  effect  can  literally  double  the  measured  hysteresis. 

in  a  closely  related  study ,  the  eoge  surface  cf  a  beam  subjected  to  four -point 
bending  has  been  observed  In  a  miniature  jig  on  the  reflected -light  microscope 
stage.  Humerous  thermoplastic  matrix  composites  have  been  investigated,  including 
polysulfone,  polycarbonate,  polyphenylene  sulp^de,  PEEK  and  PES.  All  of  the 
samples  studied  to  date  fail  in  the  same  mode,  namely,  the  outer  ply  on  the 
compression  side  of  the  beam  urdergoes  buckling  or  kink-band  fonnati^i.  This  is 
rapidly  follo%^  by  interply  and  intraply  delamination.  Virtually  no  damage  is 
observed  on  the  tension  side  of  the  beam.  It  would  appear  that  ttiermoplastic 
matrices  do  not  offer  sufficient  support  of  the  carbon  fibers  when  the  ply  is  in 
ccMRpression  and  has  one  free  surface.  The  final  result  is  fiber  splitting  and 
fragmentation,  it  seems  possible  that  so  much  attention  has  been  paid  to  improving 
damage  tolerance  by  using  tougher  matrices,  that  '■he  brittle  character  of  fibers  in 
compression  has  been  overlooked.  What  is  clear  is  that  the  use  of  more  dhictUe 
matrices  places  new  demands  on  the  fibers,  ecpeciadly  in  compression.  Clearly,  it 
%#ill  be  neccjssary  to  investigate  the  synergisms  between  matrix  and  fiber  behavior  for 
highly  deformable  matrix  materials  such  as  thermoplastics. 

Bending  load  vs.  deflection  curves  nave  also  been  obtained  lasing  sruaples  with  the 
same  geometry  as  were  used  in  the  microscopy  study.  This  has  provided  quantitative 
values  to  be  compeured  with  the  buckling  irtstability  observations.  These  data  are 
currently  being  analyzed. 


Plans  for  the  next  reporting  period  include  further  refinements  in  the  cyclic 
hysteresis  meaeurements ,  particularly  in  relation  to  sample  geometry,  gripping  and 
extensometer  mounting.  Development  of  a  feiUy*  re  versed,  cyclic  bending  jig  is  also 
planned.  This  should  enable  accurate  measurement  of  hysteresis  energy  looses,  which 
are  strongly  matrix  dependent.  Special  emphasis  vrill  be  given  high  load  behavior 
and  the  onset  of  nonlinear  behavior  (e.g,  due  to  yielding  processes).  Attempts  will 
be  made  to  relate  these  mechanical  measurements  to  the  microscopy  observatio  ts  of 
deformation  phenomena  at  the  structural  level. 
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••Mechanical  Charaw:terization  of  Cojapositeo" 

presented  at  and  published  in  the  Ptx>ceeding8  of  the  Afliloaar 
Conference  on  Polymers,  Asilomar,  CA,  Feb  11-12,  1985. 

-oefonnation  and  Failure  of  Thermoplastic  Matrix  Cco^Josites" 

presented  at  and  published  in  the  proceedings  of  the  6th 
Conference  on  Deformation  Yield  ft  Fracture  of  Polymers, 

Casotbridget  Englandf  Apr  1-4,  1985a 

-Mechanical  and  Optical  Characterization  of  Thermoplastic  Matrix  Con«>o8ites” 

Presented  at  and  published  in  the  Proceedings  of  the  ACS  189th 
National  Meeting,  Miami  Beach,  FI.,  Apr  28-May  3,  1985. 
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III*C  Numerical  ItivegtiRation  of  the  Micromechanics  of  Coiapoeite  Fracture 

Senior  investigator:  H.  S.  Shephard 

1>  Status 

The  phase  of  this  project  completed  and  reported  at  the  dose  of  the  previous 
period  marks  an  a^^opriate  holding  point.  The  project  has  been  put  on  suspended 
statLor  until  suitable  addiUc^ial  pen^onnel  are  added  Three  areas  of  researdi 
require  additional  effort  to  sake  the  method  of  interest  a  tactical  tool  for 
vicromedianical  composite  fracture  analysis.  They  are: 

1)  adding  iterative  steps  after  each  incremental  solution  to  control  drift  from 
the  true  soUttiont 

2)  developing  apprc^riate  criteria  to  more  completely  represent  the 
fiber  *matti3c  interfaces  and 

3)  carrying  cut  laboratory  experiments  and  making  the  needed  correlation  to 
verify  analytical  solutions. 
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ryx-D  Pelamnation  in  Graphite/Epogy  toinin^^ 

SeniotT  mvestigatorj  T,  L.  Sham 

1 .  Introduction 

‘rhe  purpose  at  this  project  is  to  atteiapt  to  js^aerstand  and  quantify  the  delamination 
processes  in  graphite/epoxy  laminates  using  a  continuum  mechanics  approadi. 

2«  Status 

Finite  element  techniques  for  calculating  energy  release  rates  for  a  crack  in  a 
homogeneous  body  under  mixed  mode  loading  have  been  isgAemented.  Ihe  Mode  I 
nfwi  Mode  n  energy  release  rates  can  be  computed  directly  from  numerical  data 
obtained  in  one  finite  element  ooe^putation  using  a  line  integral  approzu*.  the 
method  is  being  extended  to  interfacial  cracks  in  layeied  media.  The  line  integral 
approach  enables  ttie  energy  release  rate  for  each  fetctare  mode  to  be  calculated 
■irtwg  msaerical  data  away  from  the  crack  tip,  hence  iicpeovtng  numerical  acairacy. 

3.  Plans  for  Opcoming  Feriod 

PiaoB  fat  the  upcoming  period  are  to  conclude  the  energy  release  rate  calculations 
and  to  initiate  feacture  inveatigadions  in  Borwj/Aluminum  composites. 
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PART  IV 

OEMERIC  STROCTURAL  ELEStEITTS 

IV -A  IMPROVED  BEAM  THEORY  FOR  ANISOTROPIC  MATERIALS 
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IV-A  Tn-proved  Beam  Thgorv  foe  Amaotropic  Materials 

Senior  Xnvestigiitort  O.  Bauctatu 

1.  Introduction 

Oils  reseeurch  has  concentrated  on  iaproving  beam  theories  as  applicable  to  composite 
structures.  In  previous  progress  i^orts  anal^cal  predictions  have  been  presented 
using  a  new  beam  theory  based  on  the  assumption  that  cross-sections  erf  the  beam  are 
InHnitely  rigid  in  their  own  plane,  but  free  to  warp  out-of-plane.  Experimental 
confirmation  <rf  these  analytical  predictionB  were  sought  during  the  current  reporting 
period. 

2.  Status 

«»e  initial  test  specimen  consisted  erf  a  low  aspect  ratio  box  beam  in  a  cantilevered 
conftguraticm.  The  beam  specimen  was  fabricated  by  Joining  two  graphite/epoxy 
panels  to  two  «iinB<nnin  c-channel  webs  with  stainless  steel  fasteners.  Testing  of  tills 
initial  beam  configuration  was  very  difficult  to  control,  maldng  correlation  with 
analytical  predictiota  nearly  impossible.  Furthermore,  preliminary  meaairemcnts 
revealed  a  local  budding  p^ae^lO&iSilo^l  rtsar  the  root  attachsverit,  which  resiXted  in  a 
considerable  load  redistribution  fresa  the  lower  panel  to  the  upper  one.  Since  the 
ftindenental  assumption  in  the  development  of  the  in^roved  beam  theory  is  that  the 
cross-section  does  not  deform  in  its  owi:  plane,  large  discrepancies  between 
analytical  predictions  auid  measurements  were  to  be  expected,  and  were  actually 
observed. 

After  identif-zlng  these  deficiencies  in  the  initial  test  design,  a  new  design  voa 
implementefl.  First  an  aluminum  honeycomb  core  was  placed  inside  the  beam  so  as  to 
Milbit  local  buckling  erf  the  graphite/epoxy  panels.  The  test  fixture  was  also 
modified {  inrfead  of  the  cantilevered  configuration,  the  beam  was  siB^ply  aipported  at 
both  ends  H’jil  loading  was  to  be  applied  at  midspan. 

3.  Progre^  Purine  Report  Period 

Th*o  types  specimens  were  manufactured  that  will  be  referred  to  as  the  "balanced" 
and  "unbalai>ced"  beams,  m  the  balanced  beam,  both  iQiper  and  lower  skins  of  the 
specimen  are  midplane -symmetric,  graf^te/epoxy  laminates  having  their  axis  of 
orthotropy  aligned  with  the  axis  of  the  beam  (the  lay-up  is  C  0^,145  fo*’  ^ 

unbalanced  beam,  the  laaiinates  still  poesei®  mid-plane  symmetry,  but  their  axis  of 
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orthotropy  is  no  longer  peurallel  to  the  axis  of  the  beam  (the  layup  is 
C  15  2t30,0  Ig).  This  results  in  laminate  shear/extensional  couplings,  which  in 
tujcn  generate  a  bending/twisting  coupling  for  the  beaa* 


EacJi  beam  specimen  was  inst-.umented  with  strain  gage  rosettes  ai  the  upper  panel 
near  center  span  and  at  quarter  span.  Dial  indicators  located  at  center  span 
allowed  beam  rotations  ard  transv-erse  displacements  to  be  measured.  Two  loading 
conditions  were  consideredi  (1)  a  concertrated  transverse  shear  loading  at  center 
^Kui,  and  (2)  a  corcentrated  torque  at  center  ^>an. 

The  experimentol  results  are  compared  with  analytical  predictions  using  various 
theories  in  Tables  IV-A-1  and  IV-A-2  for  the  balar^ced  and  unbalanced  beams, 
respectively.  Warping  effect  appears  to  be  most  important  when  modeling  the 
torsional  behavior  of  composite  beams.  The  predictions  of  the  Improved  BemouUl 
Solution,  Vfhich  accounts  for  warping  of  the  cross-sections  correlate  weU  with 
escperixaental  laeaisuroincnts  in  all  cases# 

Figure  rtwws  strain  distribution  in  the  upper  panel  of  the  balanced  beam  and 

Figure  IV-A-2  the  corresponding  strain  dlstribuUons  for  the  unbalanced  beam  under 
center  torque.  The  Improved  Bernoulli  Solution  is  found  to  be  in  close  agreement 
with  experimental  results.  Wrurping  of  the  cross-section  of  the  beam  reailts  in  a 
drastic  strain  redistribution,  as  demonstrated  in  Figure  IV-A-1  by  the  large 
discrepancy  between  the  salnt-Venart  and  improved  BemouUi  soluUons.  Figures 
IV-A-3  and  IV-A-4  show  the  variation  of  the  upper  panel  mid-widh*  shear  strain 
along  the  span  of  the  beam.  The  steep  shear  strain  variatisn  near  raid  span  is 
predicted  by  the  Improved  Bernoulli  Solution  and  contrasts  with  the  uniform 
distribution  predicted  by  the  Salnt-Venart  Solution. 

Figure  IV-A-5  shows  the  predicted  and  measured  strain  distributions  in  the  upper 
panel  of  the  beam  under  transverse  loading.  The  measured  axial  and  shear  strains 
did  not  exhibit  the  rtiear  lag  effect  shovm  in  this  figure  to  be  predicted  by  the 
theory.  A  possible  explanation  for  this  discrepancy  is  the  fact  that  the  analytical 
model  assumes  a  perfect  shear  transfer  between  the  graphite/epoxy  panels  and  ttje 
c-channel  webs.  However,  testing  of  a  beam  specimen  without  iaecJ«nical 
fasteners  revealed  that,  for  the  magnitude  of  load  used  in  testing,  shear  loads  were 
transfered  through  ti  »  epoxy  bond  at  the  j»nel/Veb  interface  rather  than  through  the 
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Table  IV-A-1 

Conparison  cf  AnztlyUcal  and  Experimental 
Displacements  for  the  Balanced  Beam 


Center  Load  Ceise 
Transverse  Displaceaient 

C  10*>  B  1 

Center  Torque  Case 
notation 

C  10*»  rad  1 

Bernoulli  Solution 
(no  warping) 

0.i072  (-15*) 

0.7064  (-86*) 

Unproved  Bernoulli 
Solution 

0.3472  (-4%) 

4.511  (-12*) 

Saint -Venant 
Solution 

0.3705  (2%) 

6.500  (  26*) 

Experinental 

Steeults 

0.3620 

5.144 

' 

Table  IV-A-2 

Coi^arison  of  Analytical  and  Experimental 
pi^Utcements  for  the  Unbalanced  Beam 


Center  load  Case 
Transrersd  Displacement 

C  W*  a  1 

Center  Torque  case 
Rotation 

C  10**  rad  3 

Bernoulli  Solution 
(no  warping) 

0.3472  (-10X) 

0.7236  (-85X) 

Improved  Bernoulli 
Solution 

0.3851  (-0.6*) 

4.551  (-5*) 

Saint -Venant 
Solution 

0.3950  (2*) 

5.110  (7*) 

Bxperinental 

Results 

0.3874 

4.795 

BEAM  WIITH,  )( 
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Pi(uro  XV>A-2.  strain  Dlstritmtions  Across  ths  Bean  Width,  Near  Center 
Bpan  (s/L  =  0.45),  In  the  (;];^r  Panel  of  the  Unbalanced 
Bean  Under  54. 5  Hewton-Mater  Center  Torque. 
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Figure  rv*A-5.  Strain  Dictrlbuttona  Acrose  the  Beam  Width,  Near  Center 
Span  (z/L  =  0.45),  in  the  t^>per  Panel  of  the 
Balanced  Bean  Under  500  Hewton  Center  Load. 
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y-A  Themal  Analysis  of  ComooBitg  M»ti»riaig 


!♦  Introduction 


Senior  DivesUgatort  B.  Wunderlich 


IWs  is  the  fourth  report  in  an  effort  to  analjrze  the  thermal  properties  of 
composites.  All  glassy  materials  commonly  used  in  the  aerospace  industry  were 
considered  initially.  To  achievo  mifficient  precision,  the  calorimetric  measuring 
Bwthod  til*  was  improved.  Preliminary  results  on  glass  transition  changes, 
broadening  and  dwnges  in  magnitude  were  presented  in  Reference  tzl.  A 
comprehensive  Eumnary  of  these  data  %irtll  be  available  in  a  graduate  thesis  and 
excerpts  will  be  available  as  Reference  tsl,  in  PaU  1985.  The  present  report 
shows  a  change  toward  more  fundamental  work  in  this  area  of  thermal  analysis  of 
composites,  it  was  ofaeerved  tt»at  only  more  precise  analysis  of  the  solid  state  can 
provide  the  detailed  information  desired.  Piirther,  better  understanding  seemed  more 
likely  if  a  *rtder  range  of  material  properties  (e.g.,  other  than  just  epoxies)  are 
analyzed.  This  broadening  of  approach  wUl  become  dear  in  this  report.  A  i^iUer 
miaaaary  of  the  last  two  year's  progress  is  given  in  Reference  C4I ,  which  ^vers  all 
researd)  carried  out  under  the  direction  cf  the  senior  investigator. 


2.  Status 

At  the  beginning  of  the  previous  report  period  it  vras  estabUdied  that  the  well-known 
increase  in  glass  transition  temperature,  Tg,  also  contains  information  on  the 
uniformity  of  cure  through  the  broadness  analysis  rrf  the  transition.  This  led  to 
including  compounds  with  chemical  structures  of  importance  in  cross-linked, 
high-temperature  polymers  in  our  heat  capacity  analysis  using  approximate 

vibrational  spectra. 

3.  Proarcss  Purina  Report  Period 

a.  The  Beat  capacity  cf  solid  Poly-p-xylylene  and  Polystyrene 

The  heat  capacity  at  constant  pressure,  Cp,  of  poly-p-xylylene  (PPX)  has  been 
Titiraraired  from  220  to  625  “IC  using  differential  scanning  calorimetry.  The  heat 
capacities  at  constant  volume,  Cv,  of  both  PPX  and  its  isomer  polystyrene  (PS)  have 


»  References  in  this  section  are  given  on  page  42. 
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been  interpreted  u^g  literature  data  on  full  normal  mode  calculations  for  PS  and 
estiaates  from  '  *  moJscular  weight  analogues  for  ppx  for  the  39  group  vibrations. 
Nine  Aeletal  ■/>  ‘if  is  were  used  with  and  0,  temperatures  of  534.5  ‘k  and  43.1 
^  slso  possible  to  calculate  a  heat  capacity  contribution  of  a 
phenylene  group  within  a  polymer  chain,  single  48-vibraUon  9^^  temperatures  of  3230 
•K  for  PS  and  2960  ®K  for  PPX  are  mSicient  to  describe  Cv  above  220  "K.  Below 
140  "K,  PS  heat  capacity  shows  deviations  from  the  Tarasov  treatment. 

b.  Quantitati\’e  Thermal  Analysis  of  Macromolecular  Glasses  and  'Crystals 

Quantitative  thermal  analysis  means  scanning  c^aorimetry.  Today  a  precision  of  rix 
or  better  can  be  achieved  over  the  enormous  temperature  range  from  100  "X  to  lOOO 
•r.  Since  scanning  calorimetry  is  fast,  it  is  also  possible  to  study  metastable 
systems  as  are  encountered  In  macromolecules.  Most  macromolecular  systems  are  only 
partially  or  not  at  all  crystalliKed,  i.e.,  they  are  peurtially  or  fiolly  glassy,  ay 
establishing  the  f^ly -crystalline  and  fully-glaesy,  UmiUng  thermal  propeilles,  a 
dettiUed  determination  of  the  common  intermediate  states  was  possible.  A  series  of 
10  polyoxides  and  polyolefins  were  considered  for  which  all  thermal  properties  are 
imown  from  o  "X  to  beginning  decomposition  in  the  melt.  The  glass  tr.snsitions  of 
eemlcrystalline  polymers  were  given  special  attention  since  they  are  indicative  of  a 
wide  variety  ctf  stiocturc -sensitive  effects. 

4.  Plans  for  Upcoming  Period 

In  the  upcoming  period  our  work  wiU  be  an  effort  to  identify  the  glass  transition  and 
the  salting  transition  more  precisely  for  polymers  which  are  also  under  investigation 
iBe<awnlcaUy.  Polycarbonates,  polyoxides,  polysulfides  and  peek  (poly  ether  ether 
ketone)  wiU  be  analyzed  relative  to  their  thermodynamic  properties  by  measurement  of 
heat  capacity  and  vibrational  analysis  of  the  solid  state,  as  outlined  for  polystyrene 
and  PPX,  above.  Analysis  of  liquid  and  condis  crystals  wiU  also  be  continued. 

5 ,  References 

Cil  46 Sexsd- Annual  Composite  Materials  and  structures  Report;  Auffust 

1984 

til  47  th  Semi-Annual  Composite  Materials  and  Structures  Report,  R.P.I.,  December 
1984 

CaJ  49  ^•'Semi-Annual  Composite  Materials  and  Structures  r  Tortx  R.P.l  to  be 
published*  • 

C4)  3*^ATRA3  Report  -  1985;  R.P.I,,  February  1985 
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6.  Current  PubUcatlona  or  Prescntotiong  by  Profeaaor  WunderUch  on  thlH  .Sub  ject 

•^Precision  Heat  capacity  Heasurewents  for  the  characterieation  of 
IVn-nutse  Polyaere" 

Presented  as  the  Plenary  Lecture  at  the  Italian  Association  for 
Thermal  Analysis  and  calorimetry  Meeting,  Naples,  Italy, 

Dec  4-7,  1984. 

-The  Kinetics  of  Molecular  Hucleation",  with  Dr.  S.  Ghent  and 

-Thermal  Analysis  of  the  Condis  Crystals  of  Poly-p-xylylene" 

Presented  at  the  American  Physical  Society  Meeting,  Baltimore, 
to.  Mar  25-19,  1985. 

••fheraal  Analysis  of  Liquid  and  Condis  Crystals- 

Vresented  as  the  Invited  Plenary  Lecture  at  tlw  ACS  189th  National 
Meeting,  Miami  Beach,  FL,  Apr  28-03  May,  1985. 


-Quantitative  Thermal  Analysis  of  Macro -Molecular  Glasses- 

To  be  pubU^Mtd  in  ThermoChemtca  Acta.  Vol.  92,  pp.  15-26, 

Sept.  1985. 

-Beat  capacity  of  Solid  Poly-p-xylylcne  and  Poly-styrene",  with  D.  KirXpatric 
and  L.  Judovite 
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y-3  yinwarlral  AMtlysiB  of  Composite  Ma*fifi>lg 

Senior  Investigator:  M.  S.  Shephard 

1 .  introduction 

The  complexities  associated  with  composite  materials  as  regards  both  design  and 
««rficuire  demand  the  use  of  electronic  computation  to  effidenUy  uUlise  these 
materials.  Presently,  the  analyses  performed  in  connection  wito  a  new  part  are 
related  primarily  to  proper  design  for  their  use  in  service.  The  goal  of  this  new 
project  is  to  develop  the  appropriate  analysis  tools  needed  to  describe  the 
processing  of  continuous  fiber  resin  matrix  composites. 

composite  properties  are  directly  related  to  the  quaUty  cf  the  laminate  that  remilts 
from  the  fabrication  yrocess.  This  manufacturing  process  is  a  very  complex 
operation  that  depends  on  many  variables.  Better  understanding  of  such  processes 
will  improve  control  of  the  manufacturuig  variables  and  result  in  more  desirable 
qualities  in  the  finished  product.  The  differential  equations  that  describe  '  omposite 
processing  are.  as  might  be  expected,  very  difficult.  Numerical  analysis  provides  a 
means  for  their  solution.  The  approach  taken  in  this  project  combines  numerical 
solution  of  the  governing  equatio.TS  with  incorporation  of  proper  input  data  and 
comparison  with  experimental  reailts. 

2.  Status 

The  matrix  systems  that  are  of  Interest  for  this  work  ineJude  both  thermosetting  and 
thermoplastic  resins.  Processing  steps  take  on  sUghtly  different  general  forms  for 
each  of  these  types  of  matrices.  There  Is  a  considerable  overlap  in  the  types  of  < 
twmerical  analyses,  however,  that  are  required  to  understand  the  curing  of  thermoseJ 
and  the  processing  of  thermoplastic  composites.  The  primary  processes  that  must  b^ 
considered  In  the  analysis  of  both  classes  of  composites  were  ouUined  in  thu  previJis 
progress  report.  Initial  investigations  are  concentrated  on  qualifying  the  governing 
partial  differential  equation  (and/or  variational  principles)  In  a  form  to  which  / 
numerical  analysis,  via  finite  element  techniques,  can  be  aK>Ued.  A  £»cond,  eqdtUy 
important,  criterion  is  that  appropriate  coefficients  required  for  the  analysis  canjbe 
obtained  from  experimental  results.  Efforts  to  date  Indicate  that  there  wiU  be  ejmo 
difficulties  obtaining  the  needed  materiel  parameters  in  the  desired  form,  partio/larly 
for  flow  related  parameters  cf  thenaoplasttc  resin.  This  situation  wlU  require  Special 
consideration  and  may  necessiUte  modification  of  the  governing  equations  used./ 
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««  procectoes  developed  to  date  have  concentrated  on  proble«B  described  In  cne 

epatial  dimension.  Which  is  then  discretired  Since  the  fixdte 

eles-n*  procedures  used  are  general.  »ovin.  to  two-  and  three-dis^^ion^  ^ 
wUl  not  require  the  restructurins  of  the  analysis  software  developed.  It  wiU, 
however,  require  the  inclusion  of  addiUonal  behavioral  phenomenon  which  are 
introduced  witti  the  increase  in  diiwjnsionality. 

a.  Progress  During  Report  Period 

Th.  ««ly«  c,«.u«l~  1”  “»  •“  *, 

IPOIUUO.  to  .  am  of  U«  •~w  equ«to.  which  hd^l.  hmcUc 

.«c,y  hna  1.  .ppucbl.  to  both  lh.™o~t.  «wl  lh«wl~Oc..  thi.  e<»Mlco  te. 


~  =  VfKeJVT  +  «T,t) 

PC  Dt  ^ 

viheret 

pyj  =  nass  density  of  the  composite 

t  «  tl«e 

•P  ss  tesyperaturo 

=  heat  capacity  of  the  ccn5x>site 

i  .  r«.  of  hMl  .herBT  bo.  to  .11  lnt.rh.1  «h.rc.  or  .Ibk. 

s  thermal  cbiiductivity  natrix 
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The  current  analysis  is  concerned  with  a  thennosei.  where  the  asmnoptions  appUed  to 
the  energy  equation  are  that  resin  flow  has  been  completed  before  the  reaction 


i 


begins  and  that  heat  is  transfered  only  in  the  Z-ditection.  Under  these  restrictions 
the  energy  equation  can  be  written  tm 
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Ac  Cc  «=  (  Kc  -gj-  )  +  Phi  Hr  -5£- 

%ihere 

PfPwL  -  densities  of  the  coa«i<oeite  «nd  matrix,  respectively 
Bn  «  total  heat  of  reaction 

'"Jf"  «  4  o  the  rata  of  reaction 

Numerical  solution  of  this  Kjuation  was  obtained  using  finite  elements  in  the  ^satial 
domain  and  finite  difierences  in  the  temporal  domain.  The  application  of  the  finite 
element  spatial  discretization  reduces  the  P.D.E.  in  space  and  time  to  a  first  order, 
matrix  O.D.E.  which  can  be  written  as 
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m  theae  studies,  piecevr^m -linear  finite  eleaent  shape  hoictions,  N^,  were  loed. 

The  natrix  O.D.E.  was  solved  using  a  backward  diCference  schene,  which  was 
selected  for  stability  reasons.  Assusing  the  use  of  equal  tise  steps,  at,  the 
bado^d  difference  relationship  uscKi  to  approximate  the  time  derivative  was 

(T}n  -  {»)n-a 

- SE - 

n 

substituting  this  expression  Into  Equation  (1)  and  solving  for  (T)n  yielded 

Since  ttie  terms  on  the  RBS  of  Equation  (2)  are  a  function  of  T  and  a,  an  iterative 
nethod  must  be  used  to  solve  each  tine  step.  A  sinple  secant  aethod  was  used. 


To  denonstrate  the  capabiliUes  develc^>ed  to  date  and  indicate  the  inpoctance  of 
boundary  ccndiUcn  specificaUsa,  two  exoaple  pxoblens  were  considered.  Both  use 
the  aane  naterial,  consisting  cf  graphite  fibers  in  a  polyester  matrix.  The  chenical 
properties  of  the  polyester  (r,l«  were  taken  as 

Bg  -  73  cal/g 

.  s  (i-a)  Ae"®/*^ 

A  =  2.39  X  10^®  (  -4-  ) 
sin 

C  -B  16700  cal/mol 

The  saterial  properties  used  for  the  fibers  £zl  and  matrix  are 

graphite  fibers  poU'ester  natrix 

p-  a  1.79  X  10*  Kg/m*  pa  1.26  X  10*  Kg/m* 

*  n 

C  ■  0.712  RJ/(kg  •K)  c  »  1.26  KJ/(kg  “K) 

*  Ml 

K,  B  26  W/(m  *K)  K_  «  0.167  W/(m  •«) 

*  n 

The  material  properties  for  the  caapoeite  wore  obtained  by  applying  the  rule  of 
mixtures  t>,4l  to  the  consUtuents.  Assuming  a  60*  volume  fraction  for  the  fibers 


•  References  in  this  section  are  given  on  page  56. 
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yielded 

Pj,  =  1.56  X  10*  Kg/m^ 
a  0.9312  KJ/(kg  -K) 

=  0.413  W/(*  -K) 

Ih  the  first  exaaple,  a  Oirichlet  boundary  condition  vaa  applied  to  both  the  t<^  and 
bottcMR  surface.  These  are  also  the  for*  of  boundary  conditions  applied  in 
previously  published  woilc  tal.  Asaining  a  value  of  T  »  354  •x  on  both  top  and 
botto*  of  a  0.754  cn  ctnaposite  layup,  the  results  shown  in  Figure  V-B-1  and  v-B-2 
were  obtained.  Figure  V-B-l  Mtows  the  teraperature  distribution  through  the 
cowpoeite  at  Sour  time  intervals  in  the  process,  while  Figure  V-B-2  shows  the  degree 
of  cure  completion  through  the  thickness  at  two  o'  the  later  time  intervals.  The 
application  of  the  oirichlet  boundary  conditions  implies  large  heat  sinks  at  the  two 
airfaces  which  extract  the  heat  generated  by  the  chemical  reaction  as  quickly  as  it 
can  be  conducted  to  the  surfaces.  The  results  iresented  do  not  appear  realistic 
since  the  heat  is  being  extracted  so  rapidly  as  to  retard  the  rate  of  reaction  (which 
increases  with  temperature). 

In  ti»  second  examr>i,^,  a  Neumann  type  free  convection  boundary  condition  is  used. 

In  particular,  a  free  convection  coefficient,  h,  of  2  W/(m*  •X)  was  used  with  the 
rnmped  air  teitperature  profile  shown  in  Figure  V-B-3.  Figure  V-B-4  shows  the 
temperature  profile  thirty  minutes  into  the  cure.  At  this  point  the  chemical  reaction 
has  not  been  activated  and  the  dip  In  the  curve  is  caii^d  by  the  lag  Km<*  dun  to 
conduction  through  the  composite.  Figure  V-B-5  Atows  the  temperature  distribution 
just  one  minute  later.  At  this  point  the  reaction  has  taken  off  and  the  composite 
temperature  has  risen  from  a  level  more  than  30*  below  the  air  temperature  to  a 
level  about  8»  above  the  air  temperature.  1‘igure  V-B-6  shows  the  temperature  Just 
30  seconds  later,  at  whlc*  time  the  composite  temperature  has  risen  to  over  580  «r 
which  is  neary  200-  above  the  air  temperature. 

The  above  examples  demonstrate  the  difference  in  results  that  will  be  obtained  for  a 
particular  material  depetvling  on  the  boundary  cotKlitions  used.  The  boundary 
eondiilona  used  in  the  examples  represent  two  extreew  cases.  The  modeling  of  more 
appropriate  boundary  conditions  is  one  of  the  major  problem  areas  that  be 
addressed. 


t  niNUTf 


Figure  Temperatuiro  Distribution  Through  the  Thickness  of 

the  Composite  at  various  Tiroes  when  Subjected  to 


Figure  V-B-4.  Tesaperature  Diatributiono  Borough  the  CompoBito 
at  30  Minutes  into  the  Cycle  at  which  Tine  Air 
TUperature  is  384  *K  (Meisoann  Boundary  Conditions). 
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FiKuro  V-B*5.  Tesapcrature  Distribution  Tiirough  the  Co«oposite 
at  31  Minutes  Into  tlie  Cycle  at  which  Time  Air 
Td^rature  is  386.8  •K  (Neumann  Boundary  Conditions) 
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Figure  V-B-6.  Teoperature  Distribution  Through  the  Ooepcsite 

at  31.5  Minutes  Into  the  Cycle  at  which  Tiae  Air 
Tesqperature  is  300.2  *IC  (Neumann  Boundary  Conditions) 
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4.  Plans  for  Upcoming  Period 

will  be  shifted  somewhat  becaum  of  the  opportunity  to  more  closely  tie  the 
development  of  our  numerical  analysis  tools  with  Professor  Stemstein's  experimental 
investigations  of  the  viscoelastic  response  of  thermoplastics.  Experimental  results 
%dll  provide  the  material  properties  of  both  neat  resin  and  fibers  which  are  to  be 
used  to  carry  out  micro*mechanical  analyses  of  small  scale  systems.  These  results, 
along  with  other  experiments,  will  allow  construction  of  macro -mechanical  properties 
whicd)  will,  in  turn,  be  used  to  model  the  composite  as  a  homogeneous  material.  This 
model  can  then  be  used  to  analyze  the  specific  configurations  tested  by  Professor 
Stemstein.  Numerical  results  will  be  compared  with  experimental  reailts,  and  once 
good  comparisons  are  obtained,  the  det^dled  stress  distribution  provided  by  the  finite 
element  results  will  be  combined  with  the  results  from  experiments  to  develope  failure 
criteria. 
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6  a  Current  Publications  or  Presentations  by  Professor  Shephard  on  this  Sub 

**Autoe&atlc  Crack  Propagation  Tracking** 

Presented  at  the  Symposium  on  Advances  a  Trends  in 
Structures  and  DynaimicSg  Washington «  DC,  Oct  22-24,  1964a 
Publi^>ed  in  Cocaputere  and  Structures,  Vol.  20,  pp.  211-223,  1985. 


y-C  Heat  Treatment  of  Metal  M&trix  Coapoaltea 


Senior  Ihvestlgatort  N.  stoloce 

1.  tetroAictlon 

Directionally  solidified  eutectics  continue  to  prraaiee  superior  high  temperature 
strength  pr^>ertie8,  potentially  lower  coste  and  reduced  reliance  on  scarce  or 
imported  alloying  elements  for  many  aerospace  appUcaUons.  This  nee  project  was 
undertaken  to  attempt  to  acheive  advances  in  this  field  and  also  to  e>«ourage 
interchange  between  metal  matrix  research,  on  the  one  hand,  and  anisotropic  resin 
matrix  research,  as  reviewed  in  Section  H-A-l  of  this  report,  on  the  other  hand. 

g^  grogress  Purina  Report  Period 

During  this  repotting  period,  work  was  performed  on  post'SoUdification  heat 
treatments  designed  to  improve  the  tensile  strength  and  fatigue  resistai.ee  of 
metal-matrix  eutectic  composites.  The  aUoy  syrtem  dioeen  for  study  is  Pe-Mn-Cr-C, 
which  is  among  the  Btrongest  and  easiest  to  grow  as  a  compoeite  of  all  such  alloys 
identified  to  date.  A  variable  in  this  study  is  the  Mn  content)  with  Mn  present  the 
matrix  is  austenitic,  with  Mn  absent,  it  is  ferritic. 

DirectionaUy  solidified  ingots  cf  Pe-30XCr-3SC  were  subjected  to  several 
solution  treatments  and  aging  cycles  during  this  period,  as  follows i 

a.  solution  treated  at  1210  "C,  aged  at  850  -c 

b.  solution  treatod  at  1170  •€,  aged  at  850  •€ 

c.  solution  treated  at  1210  •c,  aged  at  925  "C 

d.  solution  treated  at  il70  *0,  aged  at  925  *0 

This  material  was  found  to  be  much  less  responsive  to  aging  than  the  previously 
tested  Pe-20*Cr-i0Mn-3..,C  aUoy.  Aging  at  850  -c  provided  peak  hardnesses  near 
800  va»  for  both  solution  treatment  temperatures,  wliile  aging  at  925  -c  provided 
peak  hardnesses  between  550  and  b75  VHW. 

CompresBion  testing  was  begun  on  samples  of  the  two  test  alloys,  the 
le-30Cr-3C  aUoy,  tet.ed  at  room  temperature  in  the  as-solidified  condition, yielded 
«l  3^0,000  pel  (2208  MPa) I  Pe-20Cr-i0Mn-3.4c,  solutiontzed  at  1170  -c  for  6 
bewrs  and  aged  at  eso  *c  for  24  hours  exhibited  a  yield  stress  of  353,500  pel 
<2436  MPa).  Both  aUoyc  fallM  in  a  brittle  manner  at  somewhat  higher  stresses. 

The  measureo  yield  stresses  are  unuaraUy  high,  even  among  high  strength  composites, 


and  *ay  refiect  a  tension-compresalon  anisotropy,  as  has  previously  been  reported 
for  other  eutectics. 


3.  Current  Publications  or  Presentations  by  Professor  Stoloff  on  this  Subtect 

"Current  Status  and  Prospects  of  Eutectic  CoifMsite  Superalloys" 

Presented  at  the  Superalloy  Sesiinar,  C3iung  Shan  Institute 
of  Science  a  Technology,  Lung-Tan,  China,  Dec  14-17,  1964. 
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Senior  Investigators t  P.  P,  Bundy, 

R.  J.  Diefendorf, 

B.  Bagerup 

During  this  reporting  period  the  RP-i  glider  has  been  disassembled  and  stored 
Ofi  the  balcony  of  the  Compoeile  Materials  Shop  Area  in  the  Jonseon  Engineering 
Center  under  ambient  ccoditicns  of  temperature  and  humidity.  The  instruments  and 
radio  have  been  removed  from  the  aircraft  for  use  in  the  RP-2  sailplane.  During  the 
next  reporting  period  it  will  be  assembled  and  subjcK^ted  to  its  annual  load*deflection 
testing  to  over  4  Q's  to  check  on  the  degree  of  its  stiffness  and  strength  variability 
with  Uaie. 
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V-E  Second  Sailplane  Proiectt  The  RP-2 

Senior  Investigators i  F.  P.  Bundy, 

R«  j.  Dlefendorf, 
H«  Hagerup 

1.  status 

During  the  previous  reporting  period  the  aft  wing  tension  linkage  system  was 
built  into  the  torque  box  of  the  fuselage  and  the  inboard,  aft  sections  of  the  wings, 
and  the  entire  ftiselage-wing  system  was  static-tested  for  all  leading  conditions 
auccessfijdly.  1[hese  tests  included  %dng  bending,  wing  torsion,  towhook  pulls  and 
release  under  load,  lax^Sing  gear  strength,  tadl  boom  and  empennage  strength  and 
stiffness. 


2*  ^  Progress  During  Report  Period 

During  the  current  reporting  period  effort  has  been  focused  on  completing  the 
adreraft  in  preparation  for  flight  tests.  These  activities,  orgemized  as  sub-projects, 
included  moanting  and  attaching  the  left  and  light  fuselage  rtdns  to  the  fuselage 
mainframe;  fabricating  the  canopy  and  its  rlmtrame  so  as  to  mat<^  the  cockpit 
riafraso;  fabricating  the  Instniment  panel  With  its  mountings  for  instruments,  radio, 
tow -cable  release,  and  vent  air  fixture;  completing  and  streamlining  the 
aWd/towhook/landing  wi^l  failing;  fabricating  and  installing  the  ventilation  air 
opening,  ducting,  and  control  fitting  (Including  the  pitot  tube  at  the  nose  opening); 
fabrication  of  a  radio  battery  compauement  in  the  scat  back;  installation  of  the  seat 
belt  and  shoulder  harness;  etc.  At  close  of  this  reporting  period  the  aircraft 
was  ai^oaching  the  poiiti  of  fiiud  contouring  and  prixaer  painting,  testing  for  wight 
and  center  of  gravity  adjustment,  and  readiness  for  flight  testing. 

As  part  of  the  readiness  procedure,  an  independent  calculation  of  the  pitch 
controllability  of  the  aircraft  over  the  fUght  envelope  range  of  speeds  for  a  range  of 
center  of  gravity  positions  was  performed  using  the  weamired  angle  of  tailplane  chord 
to  wing  chord  and  the  lift  and  moment  coefficients  for  the  airfoils  involved.  It 
appears  that  the  aircraft  should  be  quite  controllable  in  pitch  at  a  gross  weight  of 
340  pounds  if  the  GG  lies  %hthin  a  position  range  from  0.15  to  0.45  chord  aft  of  the 
leading  edge.  The  first  test  flights  will  be  made  with  the  CO  at  about  0.25  chord 
all  of  the  leading  edge. 

»*kkce:eung  page  blank  not  filmed 


1 

! 

j 


62 


3.  Plana  for  OpcoainE  Period 

During  the  i^iconing  period  it  is  expected  that  the  aircraft  vrill  be  completed, 
Including  painting,  chedced  out  for  critical  parameters,  then  test  flown  at  Saratoga 
County  Airport,  first  by  winch  launch),  and  then  by  airplane  tow.  After  the  ground 
running  and  flight  handling  ctuurzKrterlstics  are  diedted  out,  a  series  of  fligltts  in 
stable  air  condiUors  will  be  devoted  to  establlahing  quzuititatively  the  “polar  dLagram" 
of  the  aircraft. 

As  reported  two  periods  ago,  the  RP-2  has  a  secure  covered  trailer  which  %iill 
be  used  to  transport  it  to  the  etirport  and  to  house  it  safely  between  tests. 
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TECHKICAl.  INTERCHANGE 

Technical  meetings^  both  on-  and  off-caiopus,  enhance  opportunitiee  for  the 
interchange  of  technical  information  •  In  order  to  asaure  that  a  Rensselaer 
fAculty/staff  member  can  participate  in  such  meetings  off  campus*  a  central  listing  of 
upcoming  meetings  is  compiled*  maintained  and  distributed  on  a  quarterly  basis*  The 
calender  for  this  reporting  period  is  ^lown  in  Table  VI-1*  Table  VI-2  shows  the 
meetings  attended  by  RPI  composit€»  program  faculty/staff/etudenfcs  during  the 
reporting  period*  Some  on-ceunpus  meetings*  with  special  speakers  particularly 
relevant  to  composites*  are  listed  in  Table  Vl-3*  A  list  of  compooites-related  visits 
to  relevant  organisations ,  attended  by  RPI  faculty/staff /students  *  along  with  the 
purpose  of  each  visit  is  presented  in  Table  Vi-4. 

The  diversity  of  the  research  conducted  within  this  progreuu  has  continued  to  be 
%dde;  indeed*  it  is  seen  as  one  of  the  strengths  of  the  program*  To  insure 
information  transfer  among  groups  on  campus*  a  once-a-week  lunchecMi  program  is 
conducted.  Faculty  and  graduate  students  Involved  (listed  in  Paurt  vn  -  Personnel  - 
of  this  report)  attend  *  These  meetings  are  held  during  the  academic  year  and  are 
known  as  "Brown  Bag  Umches"  (BBL's)*  since  attendees  bring  their  own*  Each  BBL 
allows  an  opportunity  for  graduate  students  and  faculty  to  bri<?fly  present  plans  for, 
problems  encountered  in  and  recent  results  from  their  individual  projects*  These 
semljvmrs  also  are  occasions  for  brief  reports  an  the  content  of  otf-campus  meetings 
attended  by  any  of  the  faculty/staff  participants  (as  listed  in  Tables  VI-2  and  VI-4 
of  this  report)  and  for  brief  administrative  reports,  usually  on  the  part  of  one  of 
the  Co-Principal  InvesUgaiors.  Off-campus  visitors,  at  RPI  during  a  BBL  day*  are 
often  invited  to  "sit  In".  Table  Vl-5  lists  a  calender  of  internal*  oral  progress 
reports  as  they  were  given  at  BBL*o  during  this  reporting  period. 

As  indicated  in  the  Introduction  of  this  report*  an  initiative  is  being 
Implemented  whirfi  has,  over  this  and  the  previous  reporting  period*  brought  about 
increased  communication  between  NASA  researchers  and  their  RPI  counterparts*  One 
step  in  that  direction  has  been  taken  by  the  holding  of  a  series  of  Research 
Coordination  Meetings.  The  first  of  mich  meetings  was  held  at  RPI  during  the  last 
reporting  period  and  14  members  of  RPl*s  Composite  Materials  and  Structures 
Program  along  with  7  members  of  NASA  Langley  Research  Centt^r *8  Materials  Division 
were  present*  A  second  meeting  took  place  on  February  25*  1985  at  R.P.Z.  %rith  ^2 
members  of  R.P.I.'s  Compooite  Materials  and  structures  Program  and  ll  members 
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froB  NASA  Levfa  Research  Center.  A  list  of  this  as  well  as  other  interactions  which 
took  place  during  the  reporting  period  is  given  in  Table  VZ-6. 
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Table  VI-1 

COMPOSrrB  MATEiaAI.S  AKO  STROCTORKS  PROGRAM 
C^^iAmter  at  Conpoeltefi-relateG  Eventa 

September  30,  1984  through  April  30,  1985 


DATES 

02-04  Oct  84 

02-05  Oct  84 
09-11  Oct  84 

15- 17  Oct  84 

16- 18  Oct  84 

17- 19  Oct  84 

22-25  Oct  84 

24-25  OCt  84 

13-15  HOV  84 

27-29  Nov  84 

04-07  Dec  84 

09-14  Dec  84 
17-18  Dec  84 

07-10  Jan  85 

20-24  Jan  85 


_ _ yCTypTMO _  SPONSOR 

Fourth  Annual  Metallic  AFWAt/FIBA 

Structures  MIC  Review  NPAFB,OB 

ASNT  Fall  Conf.  A  Display  ASNT 


16th  National  SAMPE  SAMPE 

Technical  Conference 

loth  Ann.  MeCh.  of  Coeop.  OSAF/O.  DAVTCai 
Structures  A  Dynamics 

AHS  specialists’  Mtg  on  AHS 

Fatigue  Methodology 


7th  DOD/NASA  Conf.  on  DOD/HASA 

Fiber  Ccwsposites  in 
Structural  Design 

Syop.  on  Adv.  A  Trends  in  AIAA^NASA 
Structures  A  Dynamics 


Symposium  on  Composites*  ASIM 

Fatigue  and  Fracture 

Conf.  on  Processing  of  MClC/MMCIAC 

Matal  A  ceramic  Matrix 

Gooposites 


Weapon  Sys.  Readinejs  -  OSAF 

Airframe  Mngment  Role 


Italian  Assoc,  for  Theraal  lATAC 

Analysis  and  Calorimetry  Mtg 

ASKS  Winter  Annual  Mtg  ASMS 

Superalloy  Seminar  Chung  Shan 

Inst  of  sci  A 
Technology 


Congress  on  Composites  SME 

in  Manufacturing 

9th  Annual  Conf .on  ACS 

Oompositee  A  Adv.  Ceramics 


_ PLACE 

Ihousauid  oaks,  CA 

Cincinnati,  OH 
Albuquerque,  MM 

Dayton,  OB 

St.  Louis,  MJ 

Dayton, 

Washington,  DC 

Oallu/Ft. 

Worth,  TX 

ColuBdius,  OR 

Macon,  GA 

Naples,  Italy 

New  orleeuis,  LA 
Lung -Tan,  China 


Anaheim,  CA 


Cocoa  Beach,  FL 


68 


Table  Vl-l  (conttnuea) 

COMPOSITE  MATERXAIiS  AND  STRUCTURES  PROGRAM 
calendar  of  Compoeites-ielated  Events 

September  30,  1984  through  April  30,  198S 


DATES 

MEETING 

SPONSOR 

PLACE 

21-23  Jan  85 

Seminars  Exper  Mech  of 

Fiber  Reinforced  Comp  Matls 

SEM(S£SA) 

Detriot,  MI 

05-06  Feb  85 

Topical  Review  on 

HechanicSg  Aeronautics,  a 
Propulsion 

DOD 

Washington,  DC 

11-14  Feb  85 

Conf.  on  Characterization 
a  Analysis  of  Polymers 

XUFAC 

Melbourne,  Aust* 

12-14  Feb  85 

AIAA  Aerospace  Engr.  Shew 

AIAA 

Los  Angeles,  CA 

19-21  Feb  85 

Inter.  Conf.  on  Rotor- 
craft  Basic  Research 

ARO/ABS 

Research  Triangle 
Park,  NC 

xx-KS  Feb  85 

Asilomar  Conference  on 
Polymers 

- 

Asilomar,  CA 

11-14  Mar  85 

Design  Engineering  Conf, 

ASMS 

Chicago,  XL 

13-15  Mar  85 

Symp.  on  Toughened  Comp.  ASTf^NASA-LRC 

Houston,  *nc 

ie-3^  Mar  85 

Synpr  on  Fatigue  in  Mech. 
Fastened  Comp,  a  Mil.  Joints 

ASTM 

Charleston,  SC 

19-21  Mar  85 

30th  National  SAMPE 
Sys^siusn/Exposltion 

SAMPE 

Anaheim,  CA 

25-29  Mar  85 

American  Physical  Society  Mtg  APS 

Baltimore,  MD 

25-29  Mar  85 

International  Conf.  on 
Robotics  a  Automation 

I£EE(C) 

St.  Louis,  NO 

01-02  Apr  85 

lEEE(XA)  Tech.  Conf.  on 
Rubber  «md  Plastics 

IEEE 

AXron,  OH 

01-04  Apr  85 

6th  Conf.  on  Deformation 
Yield  a  Fracture  of 

Polymers 

PRI 

Caidbridge,  Englnd 

09-11  Apr  85 

AIAA  Annual  Mtg 

AIAA 

Washington,  DC 

09-12  Apr  85 

Comuter  Integrated  Manu¬ 
facturing  Industry  Conf. 

USAF 

Dallas,  TX 
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DATES _ 

14- 18  Apr  85 

15- 17  Apr  85 


16-17  Apr  85 
16-18  Apr  85 


21-26  ^  85 

I 

i 

j 

28  Apr- 
I  03  May  6^ 
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Table  VI -1  (cootinuea) 

COMPOSITE  MATERIALS  AND  STROCTORES  PROGRAM 
Calendar  of  Cowpoeites -related  Events 

Septewber  30,  1984  through  April  30,  1985 


_ MEETItW 

Inter .  Conf .  on  Wear 
of  Materials 


SPONSOR _ 

AIME/ASKE/ASnV  Vancouver,  BC, 
ASlVACerS/ASUE  Canada 


26th  Structures,  Struct.  AIAA/ASME/ASCE/ 
0yn.  a  Matls.  Conf.  AHS 

Defects  in  Coa«>.»  Detect.  Isperial  Coll/ 
a  Significance  PAE 


OrlandOy  FL 
liondon,  England 


40th  Syinp.  on  Mechanical 
Failures  Prevention 


Oaithershurg*  1® 


00th  Struct,  a  Matl.  Pnl  AGARD 

Ktg.f  Daaage  Tolereinco  Con¬ 
cepts  for  Crit.  Eng.  Cossp, 

ACS  189th  National  Mtg  ACS 


SanAntonio,  TX 


Miami  Beach,  FL 
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Table  Vt-2 

COMPOSITE  MATERIALS  AND  STROCTURES  PROGRAM 
Pertinent  Professional  Meetings  Attended 

September  30,  1984  through  April  30,  1985 


\ 

! 

Diggs  KEETINQ  { 

22*24  Oct  84  Syvap.  on  Adv.  &  Trends  in  Structures  A  Dynamics  (Prof,  Shephard) ^  \ 

Nashington,  DC  .  | 

Professor  Shephard  presented  the  papers  | 

**Autcinatic  CracK  Propagation  Tracking**  i  • 


24*25  Oct  84  Sys^sium  on  CocpoBltesi  Fatigue  and  Fracture  (Prof.  Kreopl), 
Dallas/Ft.  Worth,  'fX 

Professor  Ktzapl  presented  the  papers 

••Time -Dependent  Defortnation  and  Fatigue  Behavior  of  Ct55) 
Qraphite/Epo2cy  Tubes  under  Ooaibined  Loading** 


04-07  Dec  84  Italian  Assoc,  for  Thermal  Analysis  and  Calorimetry  Mtg 
(Prof.  Wunderlich),  Naples,  Italy 

Professor  Wunderlich  gav  •  the  Plenary  lecture i 
"Precision  Beat  Capacity  Measurements  for  the  Char¬ 
acterization  of  TVfo-Phace  Polymers” 

09-14  Dec  84  ASME  Winter  Annual  Mtgt  Advances  in  Aerospace  Sciences 
and  Engineering  Symposium  (Prof.  Sham),  New  0rle2ins,  LA 


17-18  Dec  84  Superalloy  Seminar,  Chung  Shan  Inst  of  Sci  a  Technology  (Prof. 
Stoloff),  Lung -Tan,  China 

Professor  Stoloff  presented  the  paperi 

••Current  Status  and  Prospects  of  Eutectic  Ojsqposite  Superalloys 

XX*XX  Feb  85  Asllomar  Conference  on  Pol/mers  (Prof.  Stemstein), 

Asilosnar,  CA 

Professor  Stemstein  presented  the  papers 
••Mechanical  Characterization  of  Composites” 

25-29  Mar  85  Americiin  Ph>'sical  Society  Mtg  (Prof.  Wunderlich), 

Baltimore,  KD 


Professor  Wunderlich  presented  the  papers s 
”The  Kinetics  of  Molecular  Nticleation”,  with 
Dr.  S.  Cheng 

••Thermal  Analysis  of  the  Condis  Crystals  of 
Poly-p-xylylene” 


r 


/ 


DATES 

01-04  Apr  85 


21-26  Apr  85 


28 -Apr- 
03  my  85 


m 
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Table  VI-2  fcont/nued) 

COMPOSITE  MATERIALS  AND  STROCTORK^OGRAM 
pertinent  Professjonal  Meetings  Attended 

Septenber  30,  1984  through  April  30,  1985 


MEETING 

6th  Conf .  on  Daforwatlon  Yield  A  Fracture 

Professor  Stemstein  presented  the  Matrix 

-Deforaation  and  Failure  of  Therttoplastic  Ma 

Cwpooites" 

60th  AGARD  Structures  a 

Dinnage  Tolerance  Concepts  for  Critical  ^gine 
Coeaponents  (Prof,  toewy),  San  Antonio,  TX 

6CS  189th  National  Mtg  (Prof.  Stemstein/Prof .  Munderlich), 
Miaaii  Beach  t  ^ 

Matrix  Composites" 
p„....or  »u™i.rUch 

"Thermal  Analysis  of  Liquid  and  Coiidis  Crysta 


Vi/ 
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Wble  VI-3 

COMPOSITE  MATERIALS  AND  STRUCTURES  PROGRAM 
ConpoBites -Related  Meetings/TalJcs  Held  at  RPI 

September  30»  1984  through  April  30,  1985 


SUBJECT 

SPEAKER 

DATC 

Phase  Transfomations 
in  Solids 

Prof.  R.  D*  James 

Brcwn  University 

Providence ,  RI 

10/29/14 

Finite  Element 

Approach  in  Dynamics 

Prof.  M.  Borri 

Politecnico  Di  Milano 
Milan,  Italy 

10/31/84 

Advanced  Composite 
Applications  at 
McDonnell  Aircraft 

Howard  Siegel 

Director,  Product  Engrg 
McDonnoll  Aircraft  Company 

2/12/85 

Design  of  OtxaposiVA 
Structures 

Daniel  S.  Adams 

Hercules  Aerospace 

2/18/85 

RAD  Activities  at 
Bughes  Eelicopters 

R.  Prouty  a  J.  Schibler 
Hughes  Helicc^ers 

Culver  City,  CA  a 

Mesa,  AZ 

2/25-26/85 

Interlaminar  Fracture 
Toughness  of  Cos$>oslte 
Structures 

Prof.  L.  Rehfield 

Georgia  Institute  of 
Technology 

3/26/85 

Review  of  Structures, 
Dynamics  a  Materials 
Aspects  of  RTC  Prgm 

Dr.  Gary  Anderson 

ARO 

Durham,  HC 

3/27/85 

Damage  Zone  Modeling 
of  Notched  Coaposltes 
under  Tension 

Prof.  J.  BacXlund 

Royal  Inst  of  Technology 
Stockholm,  Sweden 

4/17/85 

Wble  VI*4 


coMPOsrrE 

Coopoeltos* 


KATERIM.S  AMD  STROCrURES  PROGRAK 
ReUted  visit#  to  Re!*vant  or»ani#attona 


3ep«<nBber  30,  1904  through  April  30,  1905 


Faculty  Measber 

purpose  of  Visit 

Location 

Date(8l 

O.  Bauchau 

Discussion  of  Thin* 
walled  structures 

Lar^ley  visit, 
with  M.  Mometh 

11/26/04 

B.  Munderlich 

Presented  Inv  lecture t 
•"Transitions  in  Msso- 
phases  of  Macroe»le- 
cules" 

Polyner  Forum 

DuPont  Co., 
Wilmington,  DE 

1/10/05 

j.  oiefendorf 

Discussion  a  Seminar 
carbon/carbon  Casp- 
osites 

Langley  Visit, 
with  R.  Maas 

2/7/05 

• 

B.  Wunderlich 

Presented  Inv  Lecture t 
•"Xh«  Physical  Chemistry 
of  Polyethylene- 

Mobil  Chemical  Co, 
Edison,  H3 

2/20/05 

S.  Shaa 

Discussion  of  KASA 
Facilities  a  Fracture 
of  MtC  a  Or/E 

Langley  Visit, 
with  M.  Elber 

W.  Johns 
j.  Hewnan 

K.  O’Brien 

C.  Poe 

3/22/05 

S.  aun 

Discussion  of  Or/E  a 
MIC  Models  a  Ceramic 
Systems 

ZiSwis  Visit , 
with  C.  Chamls 
j.  DlCarlo 

3/20/05 

N.  Shephard 

Presented  seminar  i 
-Oowaxd  the  Autonation 
of  Finite  Element 
Msdeling- 

Purdue  0. 
Lafayette,  IN 

3/28/05 

R.  Loewy 

Discussion  of  NOE 
Techniques 

Southwest  Research  4/23/S5 
Institute,  San 

Antonio,  TX,  with 

H.  M.  Abramson 

M.  Ooland 

M.  Shephard 

Presented  sesdnari 
•TUscrete  CracX  Propa¬ 
gation  Tracking  with 
Autoeated  Finite 
Element  Modeling 
Techniques'* 

Cntr  for  Coop. 
Matls,  0.  of 
Delavrare,  Newark, 
DE 

4/24/85 
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Table  VI-5 

COMPOSITE  MATERIALS  AMD  STROCTORES  PROGRAM 
Brown  Bag  Umch  Schedule 

Septeeber  30,  1984  through  April  30,  1985 


OATg 

05-0ct 

12 -Oct 

19-Oct 

26 -Oct 

02-M<«r 

09-Moe 

le-Mov 

23-Mow 

30-Now 

07-Dac 

14-D8C 

18-Jan 


TOPIC 

Aiiadnlstrative  Report 

RMin  Matrix  characterization 

Stress  Concentration  Failure  Criteria 


RESP.  PACoiry 
wiberlejr 
Stemstein 
Ooetschal 


Adninistratiwe  Report 
Curing  Uniforeity 

Munerical  Analysis  of  Ccwp.  Processing 


Diefendorf 

Wunderlich 

Shephard 


ACtaainistratiwe  Report 
Cosposites  Fatigue 
Ordered  Polyaers 


Wiberley 

Xrespl 

Diefendorf 


Adninistrative  Report 
Edge  Failures 
Fabrication  Technology 


Diefendorf 

Shaa 

Bundy/sagerup/Paedelt 


Adainistratiwe  Report 

Eutectics 

Besrae  with  Warping 


loewy 
M.  Stoloff 
Bauchau 


Adainistratiwe  P 
Resin  Matrix  C 
Nuaerical  Anal 


t  Wiberley 

1  rat  ion  Stemstein 

of  Cosp.  Processing  Shephard 


Adainistratiwe  Report 
curing  Uniformity 

Stress  Concentration  Failure  Criteria 


Loewy 

Wunderlich 

Ooetschel 


Thanksgiwing  Recess 

Adainistratiwe  Report 
Oosposites  Fatigue 
Ordered  Polymers 


Diefendorf 

Krespl 

S.  Diefendorf 


Adainietrative  Report  loewy 

Edge  Failures  Shaa 

BeakiS  with  warping  O.  Bauchau 


Adainistratiwe  Report  Diefendorf 

Nvaarical  Analysis  of  Coap.  Processing  S»»phard 


Fabrication  Tfichnology 

Adainistratiwe  Report 

Eutectics 

Ordered  Polytoars 


Bundy/Bagerup/Paedelt 

loewy 

Stoloff 

Diefendorf 
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U'SVk 

Oi-Mb 

ait ‘Fab 

Oi'Nur 

09-N»r 

lS>Nir 

aa>Nnr 


fbbta  VX*e  (eoatittumd) 

COMFOSm  MATieiUA&S  MTD  STItOCSTORBS  FftOOSAM 
Brown  Bnt  tuncii  Btiwdul* 

Sbptontor  90,  X9U  throuah  ApzU  90,  im 


ros?xo 

WtJttmxx 

Ateinietraties  Bspert 

loswy 

Bssiss  with  Warping 

BauChau 

Cospositss  Fatigue 

Xreapl 

Adainistratiws  Baport 

boBwy 

Basin  Matrix  chasactisation 

Btemstein 

Curing  Dniforeity 

lAmderllch 

Adeinistretiee  Mapert 

Wunderlich 

adgs  Failures 

Shaa 

MUBsrical  Analysis  of  Ooaif*<  Froosesiag 

Shephard 

Aibiinistiratiwa  Bsport 

Diefendorf 

Fabrication  Technology 

Bundy 

Bagervp 

Medelt 

Buteetics 

Btoloff 

AdBinistrative  import 

toewy 

Ordered  Volysers 

Diefendorf 

Bsaas  with  warping 

vzsiToaSi  A.  Bakke.  aercules  Aerospace 
Dr.  3.  Wagner,  0,  of  A.F. , 

Dr.  D.  xeies  F.R.G. 

BauChau 

Dr.  J.  Tin,  Bell  Baliccpters 

Adainistratiwe  Report 

Lossy 

Oesposi^-es  Fatigue 

Krsapl 

Basin  Matrix  Charactlsation 

Stemstein 

Adbainistratlve  Report 

Diefendorf 

Curing  Onifomity 

Mmderlieh 

Bdge  Failures 

Shan 

Spring  nec«(» 


m 


Vi/ 1 

.1 

.  I 


I 

t 


AdBiini»trativ«  Baport  lomfr 

RuMrical  Analysis  of  Ceap.  Proccssins  Shephard 
Fabrication  Tachnolocy  Bundy 

Bagenp 

Faadalt 

Adnlnistrativs  ftsport  Dlafandorf 

Discussion  sesslo.'  • 

‘'fthsrs  do  %»s  want  the  progran  to  toe  in  5  years?" 


29-Mar 
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TSible  VX-5  (cootlnuea) 

COMPOSITE  MATERIAIiS  AND  STROCTURES  PROGRAM 
Brown  Bag  Umch  Schedule) 

September  30,  3.984  through  April  30,  1985 


CATE 

TOPIC 

RESP.  PACOITY 

05 -Apr 

Administratlva  Peport 

Beans  with  Warping 

Oospoffites  Fatigue 

Diefendorf 

Baiichau 

Xxeapl 

12 -Apr 

Administrative  Baport 

Curing  Uniformity 

Edge  Failures 

Diefendorf 

Ntinderliclti 

Sham 

19 -Apr 

Administrative  Report 

Kesin  Matrix  Charactisation 

Doewjr 

Stemstein 

Numerical  Analysis  of  Comp.  Processing 

Shephard 

26-Apr 

Administrative  Report 

Fabrication  Technology 

Eutectics 

Diefendorf 

Bundjr 

Hagerup 

Paedelt 

Stoloff 

Table  VI-6 


COKPOSXTE  HATERXAIS  AHD  STRUCTUKE3  PROGRAM 
Review  d  Research  Center  interactions 

September  30»  1984  through  April  30»  1985 


Faculty  Mmiberfs) 

Purpose 

Mature  of 
Interchange 

Date^vl 

Da  Ooetschel 
(Gilbert  Bu) 

Test  Prograa  on 
Strength  of  Kotched 
Ooa^site  Laminates 

Correspondence . 
with  Dr*  H«  Shuart. 
Langley  RC 

1V1-C/B4 

Oa  Bauchau 

Discussion  of  Thin- 
Malled  Structures 

Langley  Visit, 
with  M.  Nemeth. 
Langley  RC 

11/26/84 

E«  Krenpl 

Consideration  of 
Tubular  Fatigue 
SpeciHien  Testing 

Correspondence . 
with  Dr*  Wolf 

Elber.  Langley  RC 

12/26/84 
EK  to  w: 

B.  Krenpl 

Consideration  of 
Tubular  Fatigue 
Specifikon  Testing 

Correspondence . 
with  Dr*  Wolf 

Elber.  Langley  RC 

1/7/85 

MB  to  DC 

E*  Kresg>l 

Cmsideration  of 
Tubular  Fatigue 
Specimen  Testing 

Correspondence . 
with  Dr,  Wolf 

Elber.  Langley  RC 

3/4/85 

EK  to  NE 

Ja  Diefendorf 

Discussion  a  Seminar 
carbof\/caxbon  Comp¬ 
osites 

Langley  Visit 
with  R*  Mariv 

2/7/85 

0«  Bauchau  Research  Coordination 

J«  Diefendorf  Meet ing^  Lewis  RC 

Q«  Dvorak 
B«  Krempl 
R*  Xjomry 
V«  Paedelt 
5.  Shaa 
M«  Shephard 
S«  Stemstein 
S.  Stoloff 
B«  Munderlich 

S.  Shaa  Discussion  of  MA5A  Langley  Visit.  3/22/85 

Facilities  a  Fracture  with  W*  Elber 
of  MNC  a  Gr/E  M.  Johns 

J.  He%naan 

K.  0*Rrlen 
C«  Foe 


Caiapus  Visit.  2/25/85 

by  Bowles 
C.  Chanis 
J.  DiCarlo 
B.  Johns 

S.  Levine 
B.  Probst 
G.  Roberts 

T.  Serafinl 
R.  vanuccl 
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Fteulty  MeiaiberfaV 
S«  Sham 


Table  vx-6  (c€xttinu&a) 

coMPosrre  materials  ahd  sTRucnmEs  program 
Reviev  o£  Research  Center  XhteracUona 

Septenber  30,  1984  through  April  30,  1985 


Purpose 


nature  of 

Interchange  DateCel 


Diecusslon  of  Gr/E  a  Le%ri8  Visit  ,  3/28/85 

MC  Models  a  Cerasiic  with  C.  Cha»i8 
Syatens  j,  oiCarlo 


PART  vn 


PERSOHKEL,  AUTBOR  XNOF.X 
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Co*Principal  Inveatigatora 

Loew^,  Kobeirt  G.,  Ph.D* 

Wiberley*  StefAien  E.,  Fh.D* 

Senior  Invest  igatore 

Bauchaut  O**  Ph.D. 

(Structural  dynaalcSi  advanced 
conpoAltes)* 

Bundy^  F.  P*,  Fh.D. 

(Physical  chenistry^  structures 
testina)« 

Diefendorf^,  R*  Fh.D. 
(Fabricationt  resin  Batrix»  fiber 
b^vsviort  interfaces)* 

Peeser^t  I*.  J.,  Ph.D; 

(CcxBfmter  applications  a 
coQaputer*aided*de8igA«  optimiifation)* 

Ooetschel*  D«  B.,  Ph.D. 

(StnH:tural  analysis,  design 
and  testing}* 

Bagerup,  R.  j.,  Fh.D. 

(A0rod>*na»ic8,  configuration, 
pilot  acconodation,  flight  testing)* 

Krenpl,  E.,  Dr.Ing, 

(Fatigue  studies,  failure  criteria)* 

Shaai,  T.-X«« ,  Ph.D. 

(Fracture  aaechanics,  cooposites)* 


PERSOMKEli 


Institute  Professor 
Professor  of  Cbeuistry 


Assistant  Professor  of 
Aeronautical  Engineering 


Research  Professor  of 
Materials  Engineering 

Professor  of  Materials 
Engineering 


Professor  of  civil  Engineering 
Associate  Dean,  School  of  Engineering 


Assistant  Professor  of  Mechanical 
Engineering 


Associate  Professor  of 
Aeronautical  Engineering 


Professor  of  Mechanics  and  Director 
of  Cyclic  strain  Laboratory 

Assistant  Professor  of  Mechanical 
Engineering 


Shephard,  M*  S.,  Ph,D.  Associate  Professor  of  Civil 

(Coog>uter  graphics,  finite  elenent  Engiraering  and  Associate  Director, 

Methods}*  Center  for  interactive  Ooaputer 

Graphics 

Stemstein^,  S,  S*,  Ph,D.  Millian  Meightman  Walker  Professor  of 

(Failure  analysis,  matrix  behavior,  Polymer  Engineering 

Moisture  effects)* 


- - - -  PRECtXilNG  PAGE  BLANK  NOT  FILMED 

»  Fields  of  Specialty 

♦  Mmbir  of  Budget  Oossiittee  toget)Mr  with  Oo-Principal  Investigators 


meszjuxsmx. 


L. 
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Stoloff,  H.  S.,  Ph.D. 

(Mechanical  behavior  of  crystalc, 
order 'disorder  reactions,  fracture, 
stress  corrosion)* 

Wunderlich,  B.,  Ph.D, 

(ProceBsi:n  science,  constituent 
■aterial  characteristics)* 


Professor  of  Materials  Engineering 


Professor  of  CSiemlstry 


Research  Staff 

Manepier  a  Master  Technician.  Coeiooeites  Laboratogg 
Paedelt,  Volher 


Research  Associateg 
Grebovicz,  Januss,  Ph.O. 

Research  Artw^nletrator 
Trainer,  Asa,  M.S. 

Graduate  Assistants 
An,  DueX,  M.S. 

Burd,  Gary,  M.S. 

Chen,  Kuong-jung,  M.S. 
Ooffenberry,  Brian,  B.S. 
Falcone,  Anthony,  M.S. 
Su,  Tsay-hsin,  H.E. 
Judovits,  Lawrence,  M.S. 


Liu,  Shiann-hsing ,  M.S. 
Srinivasan,  Krishna,  B.Tech. 
Szewczyti,  Chz’iotinie,  B.S. 
Dzoh,  Cypi^t®”* 

Weidner,  Theodore,  B.S. 
Tehie,  Kabil,  M.S. 

Turgartis,  Steven,  M.S. 


Ondergraduate  Assistar.ts  *  seniors 

Basel,  Roger 

Cieino,  Paul 

DiI«llo,  Pranh 

Father,  Richard 

Oalbiatl,  Phil 

Bubner,  Angela 

jCia,  s.  Rwong 

Pnderyraduate  Assistants  ~  Juniors 

Bell,  Joseph 

Burdich,  Mark 

rons)uiy,  Eugene 

Egbert,  Mark 

Bill,  Stephen 

Kashynski,  Stephen 

Kia,  Sam 

McBugh,  Bisa 


Kirker,  Philip 
Krupp,  Alan 
Mao,  Marlon 
Payne,  Thaaas 
Sohn,  Kyu 
Williams,  Thomas 


Mieboer,  Chris 
O'Connell,  30000 
Ragesewski,  David 
Rogg,  Christian 
Spyropou I08 ,  Constant Ine 
van  Roggen,  Edgar 
Young,  Richard 


*  Fields  of  Specialty 

♦  M«^r  of  Budget  Cowaittee  together  with  Co-Principal  tnvestlgatom 
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Ond«r£raduate  ABCiot&nta  *  Sophiaorgg 

Bald%fin»  Reid 

Cannon  *  John 

DatAclns ,  Hilbert 

Fwlno,  John 

Jacob,  Daniel 


KarXow,  Jon 
Heyer,  John 
ParX,  Brian 
Pueateri,  Robert 
Roeario,  Eetrella 


/ 
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AOTBOR  JM01SX 

Bauchau,  O . . . . 

Bundjft  If.  P.  . . . . .  •  . . . . 

Diafandorff  R.  J. 

Bagerup,  H.  J.  . . . . . 

Kranplt  E.  . . . . . 

jAiasif  Tt . •X.. 

Shephard,  N.  S.  . . . . . . 

Stematain,  S.  S.  . . 

Stoloff,  K.  S.  . . . . 

Wunderlich ,  h . . . . . .  • 


ESMSt 

29 

59.61 

9,10,11>S9,61 

59.61 
15 

25 

23.45 
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